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ABSTRACT

The general work-energy approach for calculating plastic deformations
is treated . Curves are presented for energy absorbed by cylindrical
shells as a function of post failure deflection for both collapse and
buckling failure. A set of curves is also given for predicting
whether a shell will collapse or buckle first.
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LIST OF SYMBOLS

P)ﬁ pressure parameters defining distribution of pressure such that
‘ .
Lot p, 18 the pressure at ¢ =0

7 XS
a radius of shell
D diameter of shell

N, Ny, l\éfrnembrane force resultants

x, c/ cylindrical cooxrdinates defining coordinates of any point on
sur face of shell from origin located at center of shell at the
point of maximum pressure

—;) Poisson"s ratio for shell material

length of shell

L
P Prr
L

4 thickness of shell
s yield stress in pure tension
w;, maximum deflection at center section of shell
x' x/L
" number of full waves around the circumference in the buckling
pattern

f(z,’¢) shape of the deflection pattern
(/, length of hinge in collapse pattern

coefficient of exponential describing spatial distribution of post
failure buckling pattern

P mass density of shell material

L, total impulse

3(§¢) function describing spatial distribution of impulse
ﬁ maximum overpressure of blast load

o decay time of blast load
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C velocity of sound in air

ﬁ density behind shock wave

E energy per unit area of plane shock wave

v energy absorbed by shell in plastic deformation
v

1% /(Q"%:_Q

A, ¥ function describing the integrand of the energy integrals
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I. Introduction

w0 Drevious reports
¢ behavior of cylindrical shells subjected to dynamic lateral loads.

2

L 2
developed the theory of the elastic and plas-

Due to the complexity of this problem a work-energy type of approac

was followed. This approach has been used by several investigators 4

in studying the plastic behavior of multiweb beams and ship plating.
It is the purpose of this report to present more extensive results for
cylindrical shells over a wide range of geometrical paramemters.

II. Behavior of cylindrical shells

AL

General

Zs discussed in earlierwhork? shells subjected to side on blast can
go into two main types of faliure -- buckling or collapse. Exten-
sive experimental resluts showing these types of failure are given
by Schuman?> © Approximate relations giving the load at which the
shell would collapse or buckle were given in the above mentioned-
reference.? The important point is that if the static buckling load
is less than the static vield locad the shell should buckle; if the
yield load is less than the buckling load the shell should collapse.
Once the general pattern of either collapse or buckling is deter-
mined, then the post failure analysis using this pattern follows in
2 straightforward manner by computing the energy integrals numerically.

Buckling

-

» rather extensive study of elastic buckling of a cyli9drical shell
under nonuniform lateral pressure is given by Almroth, He repre=-
s2nts the pressure on the shell by the relation

PG =P+ P cenif "
The pressure at =o is &P, + ) . Almroth obtains the
critical value of (@, » ,) for buckling of the shell. The nonuni-
formity of the pressure is described by a parameter j;‘ defined as
F= P horp) (2]
B2 obtains a variety of critical load curves for £ =o0.5 ; this
is the case which will be considered here. These buckling curves
are shown as solid lines in Fig. 1. The yield load corresponding

to a nonuniform pressure as given above with P 0.5 will be con-
sidered next.

vield load (corresponding to Almroth's curves of Jp:ro.J‘)

As in a previous reference2 it will be assumed that the membrane
theory holds. The pressure is given by [1l] which can also be written

* Superscripts refer to references listed at the back of the report
-1-
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P =5 ) £ep)=(1+ P a.¢)

(3]
The membrane force resultants are then given by
Ng = o p.f(9) (4]
ny:: -P. l/7¢)
Na= BERLG) 6D g F14) - B L2 £04)
in which f’ _ﬁ
(, - , . ,” e
&) ’%u¢~h.79) f:/ZP) %E-casgﬂ
So at the center of the shell x = o, ¢ o
Ny = alp,+p2) (5]
Nu ZVo(R1p) tha 2, = Ve (Pt )4 35 (ﬂ‘P)F
Ney = ©
Now letfz (P +7 ) (the critical yield pressure at ¢ =90
TP corresponds to Almroth's calculations (6]
for buckling)
then Ny z a7a .
Mo = Yap 4‘— PP (7]

Using the VonMises yield condltlon
Ne= NeNg + Ny *3U¢¢ Golet (8]

the critical pressure for yield is

/
/f) s a \/(, Je)b) +F(1./ ,_)(2\)_,),. 52 M r )" (9]
which for f o. r J =.3 reduces to
—— #/
/f)c = 6:5/: V’79 -.03328 () +. 00696 (70)? (10]

These yield curves are shown as dotted lines in Figure 1.
Post failure

The complete expression for the elastic and plastic energy absorbed by

the shell as a function of deflection 1is given in the Errata and Addendum
section of Reference 1. However it is difficult to ascertain which parts

of the shell are elastic and which are plastic at any given state of de-
formation. Therefore we will limit the analysis to a rigid plastic mater-
ial neglecting all elastic deformations and assuming that all the energy
goes into plastically deforming the shell. If we further limit our analysis
to a perfectly plastic material, the absorbed energy can be writtenl:

-2-



F4 2 t;’.a.
g —‘t;/‘_

{11)
where - 2. Y
€= 22 Vet re, € #E€x% v L da>
Using only lateral deflections as explained in Reference 1, the plastic
energy absorbed can be written
(/.- = // [(Zlé"") .("&*[ (40(6 J:) 1" 2,&',4.‘-
O-t-aL T RAVE i) (12)
/-2/3'+¢)\/.(-c‘+2' L (22Z-FY) 1/ 2%+, y
rlﬁ *Q - ) * %
where

0, ) /’“’)(ﬂ) )*(“')( ) HE) )" VEVEHE) v
| Vi 2 )f/szf) (&)™
Tle!g) = .tz—--(.ze)[ﬁ.) .g(é_)f ).(M)?tca
GRS L)Y (4)‘—*(*)*/%)
- V&)’ f(slz‘)(%) »2()2) f A(EK)
- 4Ry ayt %3’;)@#)(
)= (68 = () TRy

Jf"

G +m-»/ﬁ) (AEGE)

In the above expression the deflection was assumed to have the form

w= s, F (! qa) cxlrx/

(14)
The patterns of deformation used were
For buckling .
- * [} —4‘-(/
AV FA g T @, Cormel = O<farr [15]
. Oaw-o)
T Ay dann Te' e ‘ Cca‘k-/lﬂ"'ff) 7r¢¢/4 i B
-3=
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For ceoliapse 2 o = -~
ar= AcCrd - \/a —zzﬂ-z,g) O<nle L
- T = : 16
= CA.CM.C/-\/G -%(/J-Lx‘)" -{ <x’<Q [(16]

The curves of V are plotted in Figure 2 for buckliﬁg and collapse fail-
ire as a function of the deflection and the geometric parameters of the
shell. These curves were computed for the parameters A=1J= '6.,-4:"4

For buckling it was seen in Reference 2 that the . for buckling approxi- _
mately satisfies the relation

/ ~ 1273 Vat—/‘_

It R g - [17]

The values of 9. satisfying the above relation for a given D/t/ 7
are as follows:

Sy =r00 L = 1 Mm =5
= 2 = 4
= 4 = 3
= 8 = 2
= 12 = 2
D/f:'.loc = 1 = 6
= 2 = 4
= 4 = 3
= 8 = 2
= 12 = 2
Lsy=200 =1 =7
= = 5
= 4 = 4
= =3
= 12 = 2
Ly = goo =1 =9 o
= = 6
= =5
- = 3
= 12 = 2
-
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- o & N -
"
&N

= 12 = 3

It must be kept in mind, however, that this will hold for large deforma-
tions only (apprcximately de/p > . 4 for collapse and “e/4a >. 2
for buckling).

III. Work, energy and impulse relations
A. Impulse

Using the concept that a structure under impulsive loading of short
duration is equivalent to a structure moving with an initial velocity,
an expression for the impulse as a function of the absorbed energy of
the shell was derived in Reference 1. Assuming that the impulse per
unit mass is nonuniform and given by

Tl d) = =) [18]
the total 1mpulse on the shell can be written as
2pt
I // Vv /7 Yagp)ododx o) “d@eclx [19]

This relation would enable us to compute the impusle which results
in a given plastic deformation with the help of Figure 2.

B. Energy relation

Keil4 and others have suggested that orders of magnitude of deflections
could be obtained by equating the shock wave energy radiated toward the
structure to the energy absorbed in plastically deforming the structure.
The energy absorbed by the shell in appropriate failure patterns for
typical cases is given by Figure 2. and the equations in the previous
section. The energy radiated toward the shell by the blast is not

easy to ascertain expecially since the pressure is nonuniform around
the shell. However, some approzxgate relations will be given which

are based on some earlier work.

Keil4 gives as the shock wave energy density (i.e. the shock wave
energy per unit area of wave front) for a plane shock wave of exponen-
tial decay form

e

VAR
E=45P6 (20)

where p is the density of the medium, @ is the decay time, € is the
sound velocity in the medium and 40, is the peak overpressure. Baker

==
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IV.

and Scl'mman9 give values for 7% and & for bare pherical pentolite ex-
plosgxs‘ig fggs air. They give 1.1 pound TNT as equivalent of 1 pound pen-
tolitepin free air is equivalent to 1.8 times the weight on the ground.

For rough approximation one could write

(Area of Shell)@ f = V/
s CroLE =V

where C is a constant which corrects for nonuniform pressure distribution
around the shell and other unknown factors associated with the blast. As
a first approximation C could be taken equal to unity.

(21]

Further study of experiment and theory may enable one to arrive at a better
value for €. From the Baker and Schuman results together with the Keil for-
mula above and the curves given in this report, the plastic deformations
could then be estimated for different charge weights and distances.

More accurate calculations based on measured pressure data

If the pressure over the shell is knovin as a function of space and time then
the actual impulse applied to the shell can be computed instead gfsmerely
the incident and reflected impulse as measured in previous work.™’ This
impulse will be

L, 0
i =4 :[[ [f/z,%t)dt adegpdx

The results can then be compared directly with the calculations based on
equation [19]. This will be the critical test of the theory. Ballistic
Research Laboratories are now in the process of measuring such pressures.

Discussion

It is seen from Figure 2 that very thin short shells will buckle before
they collapse and longer thicker shells will collapse first. It is inter-
esting to note that the energy in collapse is very insensitive to change
in shell geometry in the medium deflection region . 2 <de/p < , & o
Furthermore the dimensionless collapse energy v seems to be dependent
only on %0 and independent of D/t; whereas the buckling post failure
energy is sensitive to both D/t and L/D.

It may be desirable for some applications that the shell be forced to buckle
and for other applications that it may be forced to collapse. The curves
given here can be used to design for a given type of failure and for a

given post failure deflection under a given impulse.
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